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The electron energy distribution function (EEDF) is measured across a magnetic filter in inductively coupled plasmas. The measured EEDFs are found to be Maxwellian in the elastic energy range with the corresponding electron temperature monotonously decreasing along the positive gradient of the magnetic field. At the maximum of the magnetic field, the electron temperature reaches its minimum and remains nearly constant in the area of the negative gradient of the field, where the plasma density distribution exhibits a local minimum. Commonly, in low-temperature plasmas, the electron temperature T e is governed by the ionization balance (electron creation and loss processes) and is a function of the gas kind and the product pL, where p is the gas pressure and L is the characteristic size of the plasma. The specific mechanism of electron heating and the value of discharge power have a minor influence on the electron temperature. 1 In some applications, particularly, in negative ion sources, the reduction of the electron temperature enhances the formation of negative ions by increasing dissociative attachment and reducing the dissociation of negative ions in collisions with energetic electrons. In negative ion sources, the electron cooling is usually achieved with magnetic filters (a localized transverse magnetic field) placed in front of the ion extracting aperture. [2] [3] [4] [5] This technique of electron cooling has been used in negative ion sources for plasma fusion, 6 in the formation of ion-ion plasmas for deep trench etching 7, 8 and in space propulsion thrusters. 9, 10 Although magnetic filters were extensively used, most of the experiments where electron temperature was measured were performed at a mixed condition where filtering mechanism was coupled with the plasma expansion (both phenomena resulting in electron cooling). 11, 12 The measurements, using Langmuir probes and gridded analysers, suffered from many limitations of the probe diagnostics associated with magnetic field, rf plasma potential, and incorrect use of the probe diagnostics that resulted in inconsistent and mutually contradictive data. 5, 13 For thorough understanding of the electron transport and the related electron kinetics in non-equilibrium plasma across magnetic barriers, it is important to measure not just the electron temperature, but the full electron energy distribution function (EEDF). Measuring of the EEDF can provide the rates of electron elastic collisions defining the electron transport, as well as the rates of electron inelastic processes such as ionization, excitation, and electron attachment. However, due to many difficulties in measuring of the EEDF in RF plasmas, 14, 15 and particularly in magnetized RF plasmas, 16 the evolution of the EEDF and associated plasma parameters across magnetic fields still remains a controversive and poorly understood issue.
Here, we present the results of the EEDF measurements across magnetic filters, which are obtained respecting strict limitations of the probe diagnostics of RF plasma in magnetic field. 15 The measurements are carried out with tiny Langmuir probes in an inductively coupled plasma (ICP), with the Langmuir probe normal to magnetic field lines, avoiding plasma perturbation caused by a large energy analyser, and its strong capacitive interaction with plasma RF potential met in others works. In the present study, the effect of the magnetic filter is decoupled from other effects such as plasma expansion and capacitive coupling effects, thus providing a unique possibility to study the influence of the magnetic filter structure on the EEDF and corresponding plasma parameters inferred through Druyvesteyn procedure.
The experiments are carried out in a purely ICP source (without capacitive coupling), symmetrically driven at 4 MHz with a ferrite enhanced planar inductor separated from the plasma by a thin (3 mm) ceramic window. 17 The RF power is fed to the inductor via an impedance matching network using a low loss transmission-line transformer and air variable capacitors in symmetrical (push-pull) configuration. 17 The symmetrical drive of the ICP inductor practically eliminates capacitive coupling to the plasma, resulting in negligible plasma RF potential. The last facilitates the ICP probe diagnostics, since there is no need for RF compensation of the probe.
The experimental ICP is schematically illustrated in Fig. 1 . The geometry of the system is rectangular with a cross section of 8 cm by 10 cm and 12 cm long (respectively, z, y, and xdirection). The experiments are carried out in Argon gas, with a pressure between 1 and 100 mTorr, and a RF power of 50-200 W. The neutral gas is injected symmetrically through 8 holes distributed along the x-axis in the middle of the two 8 cm long walls normal to the y-direction. The source is attached to a larger pumped vacuum chamber at x ¼ 12 cm via a 15 cm long, 10 cm diameter cylindrical tube. This ensures a negligible plasma expansion in the investigated volume.
The magnetic field B is generated by a set of permanent neodymium magnets forming a Gaussian magnetic filter. The magnets can be moved in the x-direction to adjust the filter position relative to the inductor coil, and in the z-direction to reduce the magnetic field strength. The magnetic field lines are shown in Fig. 1 for a magnet position x ¼ 7.5 cm from the window. In this case, the maximum magnetic field on axis is 245 G.
The EEDF is measured by a small Langmuir probe. The probe tip, 6 mm long, is made of platinum-iridium wire with a diameter of 50 lm. The probe shaft is made of a 1.7 mm diameter double bore Quartz tube, which is extended by 4 mm long capillary Quartz tubes to reduce plasma perturbation in the probe tip vicinity caused by the 1.7 mm probe shaft. Two probe tips, perpendicular to each other, are used: one to measure the probe I/V-characteristic and the other acts as a reference probe for noise reduction and compensation of the probe circuit resistance. 15 The Langmuir probe I/V acquisition and data analysis are carried out by the VGPS probe system V R of Plasma Sensors. The EEDFs are presented in terms of the electron energy probability functions (EEPFs) that according to Druyvesteyn procedure are obtained from the second derivative of the Langmuir probe characteristics.
Care must be taken when using a Langmuir probe in RF magnetized plasmas. In the operating conditions of the present experiment, the measured RF plasma potential is considerably lower than the electron temperature, so the Langmuir probe can be used without any RF compensation. The results of RF plasma potential study will be published elsewhere. For probe measurement validity in magnetic field, the probe tip is oriented normally to the magnetic field and the probe radius (0.025 mm) is chosen to be much less than the electron Larmor radius (0.1 mm) at the "worst case" (B ¼ 245 G and T e ¼ 0.5 eV). Hence, the "classical" non-magnetized probe theory can be used. 15 The EEPFs measured along the x direction at 10 mTorr, 130 W and a magnetic field of 245 G at 7.5 cm are shown in Fig. 2 . The inset shows the case without the magnetic field. The plasma parameters, the electron temperature, and the plasma density, found as corresponding integrals of the measured EEPFs, are shown in Figs. 3(a) and 3(b) , respectively, with and without the magnetic field.
Without magnetic field, the measured EEPFs have a twotemperature structure and are similar to those found in the literature at similar pL and rf power/plasma densities.
14 Away from the window, where RF heating field is practically absent, due to electron inelastic collisions and energetic electron escape to the chamber wall, the EEPF is cooling in the inelastic energy range, e > e* (steeper EEPF slope at the electron energy e beyond of the excitation energy e* ¼ 11.55 eV). The distribution temperature for these electrons T ef (found from the slope of the EEPF in this energy range) is 2.2 eV; 1.8 eV and 1.6 eV, correspondingly, for x ¼ 1; 7.5 and 12 cm.
As to slow electrons of the elastic energy range (e < e*), their distribution temperature T es 4.0 eV remains practically unchanged. The spatial uniformity of T es is a consequence of non-local electron kinetics when the length of the electron energy relaxation in the elastic energy range k es L, that is not the case for the electrons of the inelastic energy range, since their electron energy relaxation length is smaller, k ef k es . 1, 18 In spite of significant change in the fast electron temperature T ef , the effective electron temperature T e (calculated from the mean electron energy) changes little along the x direction. The reason for this is the prevailing number of low energy electrons with nearly constant temperature T es .
With the magnets installed, starting at x ¼ 2 cm (behind the skin layer), the measured EEPFs are Maxwellian and exhibit electron cooling along the rising magnetic field. With limited dynamic resolution of the EEPF measurement (3-4 orders of magnitude) and reduced electron temperature, the high energy electrons corresponding to inelastic energy range are non-detectable, since the measured interval of electron energy is less than the excitation energy. The electron temperature is falling about linearly towards the maximum of the magnetic field, B max ¼ 245 G at x ¼ 7.5 cm, reaching its minimal value there. From the position of x ¼ 1 cm to x ¼ 7.5 cm, the electron temperature changes from 4.3 eV to 0.5 eV.
Behind the magnetic field maximum, in the interval between x ¼ 7.5 cm and x ¼ 12 cm, the electron temperature remains practically unchanged and close to its minimal value. Thus, in the present experiment, the essential electron cooling effect takes place only along the positive gradient of the magnetic field.
Measurements in a wide range of argon pressure (not presented here) showed that the electron temperature near the window (x ¼ 1 cm), where magnetic field is negligible, is defined by the argon pressure and varies between 6.7 eV at 1 mTorr and 2.1 eV at 100 mTorr. On the other hand, the electron temperature measured at the centre and behind the magnetic filter (x 7.5 cm) is practically the same (0.5 eV) in this pressure range. The independence of the minimal electron temperature is probably due to mutual compensation of the initial electron temperature drop and reduction of the magnetic field effect with growing gas pressure. Separating the magnets in the z-direction, such that the maximum filter field is 150 G in the centre, results in the minimal electron temperature at 10 mTorr increasing up to 2.0 eV.
Plasma density profiles n(x) along the x direction without and with magnetic field are shown in Fig. 3(b) . In both cases, the plasma density decays along the x direction mainly due to diffusion to the walls and partly in the x direction. With the magnetic field present, the plasma density decays faster in front of the magnetic filter (x < 7.5 cm), with formation of a local minimum behind it (x > 7.5 cm). Such behaviour of the plasma density distribution is probably due to plasma repelling by the magnetic field hump (the effect opposite to magnetic trapping) imposed on the plasma decay along the x direction.
In conclusion, we have studied electron cooling along magnetic filters in inductively coupled plasma, without plasma expansion. The EEDF measurements were carried out free of plasma perturbing effect caused by a large probe in magnetic field and by probe characteristics distortion due to RF plasma potential. We found Maxwellian EEDFs in the elastic energy range with corresponding electron temperature decreasing along the positive gradient of the magnetic field. At the maximum of the magnetic field, the electron temperature reaches its minimum and remains nearly constant in the area of the negative gradient of the field, where plasma density distribution exhibits a double-layer-like structure.
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